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A B S T R A C T
The high-strength steel sheets currently used in the automotive industry are prone to non-traditional behaviour
during forming, being wrinkling and springback two of the most challenging geometrical predictions for
numerical simulation. Thus, the ﬁnite element method requires accurate and reliable numerical models. This
study presents the experimental and numerical analysis of a rail component with high tendency to develop
wrinkling and 2D springback. Two diﬀerent materials are used for the sheet blank, namely a mild steel (DC06)
and a dual phase steel (DP600). The frictional behaviour between each metallic sheet and the forming tools is
evaluated through the ﬂat-die test, allowing the determination of a friction coeﬃcient as a function of the
normal pressure. The inﬂuence of the applied boundary conditions on the numerical results is evaluated by
means of two distinct numerical models (full blank geometry and 1/4 of the blank with symmetry conditions).
The results show that the wrinkling behaviour is strongly aﬀected by the blank's material, as well as by the
symmetry conditions deﬁned in the numerical model. In fact, considering the full model of the blank, the
numerical results are in better agreement with the experimental ones. However, the computational cost of the
numerical simulation considering the full blank is substantially higher than using 1/4 of the blank.
1. Introduction
In order to reduce the fuel consumption of automobiles, the use of
lightweight materials, such as advanced high-strength steels (AHSS),
has been progressively adopted in the automotive industry [1].
However, these materials present low formability, resulting from the
higher values of yield stress and lower elongation compared to
conventional steels. Furthermore, the AHSS are more susceptible to
non-traditional behaviour, among which springback, wrinkling and
fracture (or necking) are the main failure modes in sheet metal forming
[2].
Since the dimensional accuracy of formed products is strongly
deteriorated by the springback during unloading [3], the larger and
more unpredictable springback observed in AHSS requires more time
for the trial-and-error die design in order to compensate it [4].
Therefore, several techniques have been proposed to suppress or
compensate springback, all of them aiming to reduce the bending
moment that is its driving force [5,6]. A new technique was recently
proposed by Komgrit et al. [7] to eliminate U-bending springback,
where the bottom is additionally bent with a counter punch, generating
a negative bending moment. They concluded that an appropriate
combination of the sheet clamping force and bottom pushing-up force
allows eliminating the springback without generating any geometrical
imperfections at the bottom part. Also, an important geometrical defect
occurring in the sheet metal forming process is the wrinkling, which is a
local buckling generated by excessive compressive stresses [8]. It can be
categorized in two main types: ﬂange wrinkling and wall wrinkling.
Although both are initiated from the compressive hoop stresses, the
formation of wall wrinkling is easier to develop than the wrinkling on
the ﬂange, because the sheet is unsupported by the tool [9]. On the
other hand, the suppression of wall wrinkles by control of the blank
holder force [10] is more diﬃcult than the suppression of ﬂange
wrinkles.
Nowadays, the prediction of such forming defects using numerical
simulation is extremely important and a “almost mandatory” practice in
modern industry, thus allowing reduction of traditional costly trial-and-
error experiments. However, both the accuracy and the reliability of the
ﬁnite element results are strongly dependent on the numerical algo-
rithms adopted (temporal integration, ﬁnite element formulation,
constitutive material model, treatment of contact constraints, etc.), as
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reported by Tekkaya and Martins [11]. Despite the large importance of
the wrinkling prevention in sheet metal forming, there are relatively
scarce attempts on the improvement of its prediction [12]. In fact, the
accurate prediction of wrinkling still represents a challenge for the
numerical simulation. This results from the fact that the wrinkles are
aﬀected by many factors, such as the stress state, the mechanical
properties of the material, the geometry of the tools and the boundary
conditions [13]. The inﬂuence of planar anisotropy on the occurrence
of wrinkling was analysed by De Magalhães Correia and Ferron [14]
using the bifurcation analysis [15] and the ﬁnite element simulation.
The example analysed was the deep drawing of a conical cup and the
wrinkle wavelengths predicted with the bifurcation analysis were in
good agreement with the ﬁnite element results, as long as the
anisotropic behaviour of the material is well described. The inﬂuence
of the tool geometry on the sidewall wrinkling was investigated by Neto
et al. [16] in a cylindrical cup drawing and they concluded that the
amplitude of the wrinkle waves, developed along the unsupported
sidewall region of the cup, is strongly aﬀected by the height of the dome
present in the punch geometry. The application of symmetry conditions
in ﬁnite element models allows a signiﬁcant reduction on the number of
degrees of freedom, while improves the numerical stability.
Nevertheless, the applied boundary conditions are sometimes violated
due to the material model (anisotropy), the applied loading or any
instability [11], thus creating errors in the numerical solution.
The purpose of the current study is to assess the inﬂuence of the
boundary conditions applied in the model on the wrinkling prediction.
Hence, the presented approach provides new insights into the causes
aﬀecting the wrinkling behaviour in sheet metal forming processes.
Thus, a rail component is selected with high tendency to develop both
wrinkling and springback, being the analysis performed both experi-
mentally and numerically. In order to take into account the eﬀect of the
blank material on the wrinkling behaviour, two distinct steel sheets are
considered, namely the DC06 mild steel and the DP600 dual phase
steel. The full geometry of the blank is adopted in the numerical model,
which is compared with the classical model composed by 1/4 of the
blank (considering symmetry conditions). The organization of the paper
considers the following sections. The experimental setup of the forming
process is described in Section 2, including the procedure used to
evaluate the friction coeﬃcient as a function of the normal contact
pressure. The proposed ﬁnite element models are presented in Section
3, which considers diﬀerent boundary conditions for the blank and an
advanced friction model for the contact behaviour between the blank
and the tools. The comparison between experimental and numerical
results is presented in Section 4, highlighting the inﬂuence of the
blank's material and the ﬁnite element model adopted. The main
conclusions of this study are outlined in Section 5.
2. Experimental procedure
This study deals with the sheet metal forming of a rail geometry
(Fig. 1), prone to 2D springback behaviour and wrinkling on the top
surface. This component has been deﬁned as a benchmark under the
international project 3DS – Digital Die Design System [17], which
aimed at improving the ability of ﬁnite element codes to predict
forming defects, speciﬁcally the ﬁnal geometry of sheet metal forming
parts. The validation of the developed numerical models required a
representative set of experimental results. Therefore, special care was
devoted to the standardization of the experimental procedure, namely
the cutting of blanks from sheets, the lubrication method, the ram speed
and the coordinate system for the measurements of the formed parts
[18].
2.1. Forming process
The experimental setup of the sheet metal forming operation
comprises four active tools (punch, die, blank-holder and counter-
pad), which are attached to a common basis, as shown in Fig. 2. The
forming process is divided in three phases. In the ﬁrst one, the die
moves downward, clamping the blank between the die and the blank-
holder with an initial prescribed force of 90 kN. This blank-holder force
is obtained by six nitrogen gas springs (see Fig. 2), being all connected,
in order to assure the same pressure in each of them. In the second
phase, the die and the blank-holder move together downward, forming
the part and deﬁning a punch penetration of 60 mm. During this stage
the gas springs are being compressed, thus increasing the blank-holder
force from 90 to 130 kN. The third phase is the part removal from tools,
in which the springback or elastic recovery takes place.
The blank is a square with 300 mm length sheared from
1500×1600 mm rectangular rolled sheets (mild steel DC06 and dual
phase DP600) with 1.0 mm thickness. The forming operations are
carried out with the rolling direction of the blank sheet aligned with
the longitudinal direction of the rail. In order to guarantee a correct
amount of lubricant and its uniform distribution in the blank, the
lubrication method suggested by Santos et al. [18] was adopted. The
amount of lubricant (Quaker 6130) is deﬁned as 1.4 g/m2/face. The
evolution of both the punch and the blank-holder force was recorded by
a data acquisition system, from load cells placed under each gas spring
and under the punch. The press ram speed was 20 mm/s, while the die
vertical displacement is experimentally evaluated through a displace-
ment transducer. At least ﬁve forming tests were performed in order to
check the reproducibility of the experiments. The wrinkling defect on
the top surface of the rail is shown in Fig. 3 for two distinct steels,
highlighting the strong inﬂuence of the material on the wrinkle shape
geometry.
Fig. 1. Target geometry of the rail, including the main dimension (in millimetres).
Fig. 2. Experimental tool basis used to perform the forming process.
D.M. Neto et al. International Journal of Mechanical Sciences 122 (2017) 244–254
245
2.2. Part measurements
Wrinkling and springback are two fundamental geometrical beha-
viours arising in parts obtained by sheet metal forming processes. This
kind of defects can be easily examined by visual inspection.
Nevertheless, a quantitative evaluation of these forming defects by
means of geometrical measurements is essential, allowing a meaningful
comparison between experimental and numerical results. Optical
scanning systems can be used for the evaluation of both global defects
(twisting and springback) and local defects (wrinkles) [19,20].
However, the accuracy of the non-contact measurement inspection
techniques is substantially lower than the one of the contact measure-
ment systems (e.g. coordinate measuring machines) [21]. Thus, in the
present study four section proﬁles of the rail are measured, after
springback, using a conventional metrology equipment, i.e. the 3D
coordinate measuring machine (DEA Gramma Record) presented in
Fig. 4(a). Two holes are punched on the top surface of the rail (see
Fig. 3), which are used to position and ﬁx the rail in a jig for
measurement (see Fig. 4(a)). Besides, the reference coordinate system
is coincident with one of the holes, as shown in Fig. 4(b). The study
performed by Santos et al. [22] shows that such piercing operation has
a very small inﬂuence in the ﬁnal geometry of the rail, recommending
its exclusion from the numerical model.
The four section proﬁles selected for measurement (outside peel of
the rail) are deﬁned in Fig. 4(b), namely two sections in the long-
itudinal direction (L1 and L2) and two sections in the transverse
direction (A and B). The number of points evaluated in each section
proﬁle was selected in order to obtain 3 mm of distance between
consecutive points. This leads to 75 points in each section of the
longitudinal direction and 100 points in each section of the transverse
direction. Five sets of measurements are performed for each section
proﬁle in order to check the reproducibility of the experimental data.
2.3. Friction tests
The most common method to determine the friction coeﬃcient used
in the numerical simulation of forming processes is its calibration
according to the experimental values of the punch force [23].
Nevertheless, in the present study, the friction conditions between the
blank (lubricated) and the forming tools were experimentally evaluated
using the ﬂat-die test, which is often employed to determine the
coeﬃcient of friction [24]. In this test, the sheet specimen (600 mm
of length and 50 mm of width) cut along the rolling direction is
compressed between two ﬂat dies and then pulled in the horizontal
direction, as illustrated in Fig. 5(a). The ﬂat dies were produced using
the same steel of the forming tools, i.e. the classical tool steel (no heat
treatment, hardness around 45 HRC). Fig. 5(b) presents the two ﬂat
dies, highlighting the contact area of each one with the dimension of
10×10 mm.
During the ﬂat-die test, the sliding speed is kept constant and equal
to 1.5 m/min, which is approximately equal to the press ram speed. The
normal load applied on the ﬂat dies increases during the test, allowing
to reproduce the pressure level obtained under the blank-holder during
the forming stage. This approach allows to evaluate the evolution of the
friction coeﬃcient with the normal pressure [25]. Both the pulling
(friction) force and the local holding forces are accurately measured by
load cells. Nevertheless, a special care is required to obtain a perfect
parallelism between the two ﬂat dies. In fact, the misalignment
(convergence or divergence) between the ﬂat dies can lead to wrong
values of friction coeﬃcient. In order to check the reproducibility, each
Fig. 3. Experimental geometry of the rail after being removed from the forming tools: (a) DC06; (b) DP600; two holes are trimmed on the top of the rail, as reference points to ﬁx the part
during measurement.
Fig. 4. Measurements of the obtained rail: (a) 3D coordinate measuring machine; (b) deﬁnition of the four section proﬁles and reference coordinate system.
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test is performed at least twice. Before each test, tools and sheet
samples are strictly cleaned and then lubricated with a homogeneous
layer of lubricant (Quaker 6130 using 1.4 g/m2/face). During the test,
both the pulling force and normal force are monitored, allowing to
assess the evolution the friction coeﬃcient according to the Coulomb's
law, given by:
μ F
F
=
2
,P
N (1)
where FP and FN denote the pulling and normal forces, respectively.
3. Numerical model
The numerical simulations were carried out with the in-house static
implicit ﬁnite element code DD3IMP [26], which has been speciﬁcally
developed to simulate sheet metal forming processes [27]. The evolu-
tion of the deformation process is described by an updated Lagrangian
scheme. In each increment, an explicit approach is used to calculate a
trial solution for the conﬁguration, which is iteratively corrected using
a fully implicit Newton–Raphson scheme. The frictional contact pro-
blem is regularized by the augmented Lagrangian method, leading to a
non-linear system of equations involving both displacements and
contact forces. The abovementioned Newton–Raphson scheme is used
to solve the non-linearities associated with the elastoplastic behaviour
of the deformable body and the contact problem, using a single loop. In
order to improve the computational performance, some high perfor-
mance computing techniques have been incorporated to take advantage
of multi-core processors [28]. All numerical simulations were per-
formed on a computer machine equipped with an Intel® Core™ i7–
4770 K Quad-Core processor (3.5 GHz) and the Windows 8.1 Pro (64-
bit platform) operating system.
3.1. Materials
The mechanical behaviour of both steel sheets (DC06 and DP600) is
assumed elastoplastic, considering isotropic elastic behaviour and
anisotropic plastic behaviour. The elastic behaviour is described by
the Hooke's law with Young's modulus of 210 GPa and Poisson ratio of
0.30, for both steels [2]. Nevertheless, it should be mentioned that
recent studies, performed on a wide range of alloys, indicate that there
is no linear elastic region in the stress–strain behaviour [29,30]. In this
context, Chen et al. [30] proposed a “Universal Law” to describe the
elastic behaviour taking into account the strain, which depends only on
the material strength and the Young's modulus. Regarding the plastic
behaviour, the isotropic hardening is described by the Swift law:
Y K ε ε ε Y
K
= ( + ) with = ,n
n
0 p 0
0
1/⎛
⎝⎜
⎞
⎠⎟ (2)
where K , ε0 and n are the material parameters, while ε p denotes the
equivalent plastic strain and Y0 denotes the initial value of the yield
stress. The kinematic part of the work hardening is described by the
non-linear law with saturation proposed by Frederick and Armstrong
[31], given by:
C X
σ
εX σ X X X 0̇ = ( ′ − ) − ̇ with (0) = ,X sat p
⎡
⎣⎢
⎤
⎦⎥ (3)
where Xsat characterizes the saturation value of the back-stress tensor X,
while the material parameter CX characterizes the rate of approaching
the saturation. The inclusion of the kinematic hardening improves the
springback prediction in the sheet metal forming simulation [32],
particularly in high strength steels [33,34], for which the springback
eﬀect is stronger. The ﬁve material parameters involved in the hard-
ening laws are identiﬁed using the following experimental tests: (i)
uniaxial tensile test up to localized necking; (ii) monotonic simple shear
test up to 50% amount of shear and (iii) Bauschinger simple shear test
after 20% amount of monotonic shear [35]. The stress–strain curve
obtained for each experimental test, performed for specimens aligned
with the rolling direction, is presented in Fig. 6 for each material under
analysis (DC06 and DP600).
The procedure used to identify the best set of constitutive para-
meters is based on the minimization of the diﬀerence between the
predicted and the experimental values [36]. The obtained material
parameters for the isotropic hardening described by the Swift law and
the non-linear kinematic hardening deﬁned by the Frederick-Armstrong
law are listed in Table 1 for each material. The adopted constitutive
model allows to describe accurately the mechanical behaviour of both
steels, as shown in Fig. 6, highlighting the large diﬀerence in terms of
hardening behaviour, between the mild steel (DC06) and the high
strength steel (DP600). In fact, the Bauschinger eﬀect (reduction of the
yield stress under reverse loading) is more evident in the high strength
steel than in the mild steel, which is in agreement with the results
presented by Chen et al. [32].
Fig. 5. Flat-die test used to evaluate the friction behaviour of both steel sheets: (a) scheme
of the ﬂat-die test set-up; (b) experimental ﬂat dies produced with the same steel of the
forming tools [25].
Fig. 6. Comparison between experimental and numerical stress–strain curves obtained
from uniaxial tensile test, simple shear and Bauschinger simple shear after 20% forward
shearing. The hardening behaviour is described by the Swift law (isotropic hardening)
and the Armstrong and Frederick law (kinematic hardening).
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The orthotropic plastic behaviour of both metallic sheets is de-
scribed in the present study by the classical Hill’48 yield criterion,
which is commonly used for steels [37]. The anisotropy parameters of
the Hill’48 yield criterion are determined from the experimental r-
values, evaluated using uniaxial tensile tests performed at diﬀerent
orientations with respect to the rolling direction, namely 0°, 15°, 30°,
45°, 60°, 75° and 90°. In order to check the reproducibility, each
experimental test is performed at least twice. All tensile tests were
conducted at the constant strain rate of ε ̇ = 10 s0 −3 −1 [35]. The r-values
determined experimentally as a function of the tensile direction (angle
from rolling direction) are presented in Fig. 7 for each material. The
mild steel DC06 exhibits a strong variation in the coeﬃcient of
anisotropy, while the dual phase steel DP600 is almost isotropic in
the rolling plane, which is in agreement with the results of Chalal et al.
[38]. For each material analysed, the four coeﬃcients F, G, H and N of
the Hill’48 yield criterion are identiﬁed by the least squares ﬁtting using
the seven experimental r-values. The obtained values are presented in
Table 2. The sheet is assumed isotropic through the thickness, leading
to L=M=1.5. Since the identiﬁcation of the hardening law parameters
was carried out using specimens oriented along the rolling direction,
the relation G+H=1 is added. This imposes the equality between the
yield stress along the rolling direction and the equivalent stress given
by Hill’48 criterion for the same direction. For both materials, the
evolution of the coeﬃcient of anisotropy in the plane of the sheet metal,
predicted by the Hill’48 yield criterion, is in good agreement with the
experimental values, as shown in Fig. 7.
3.2. Friction model
The value of the friction coeﬃcient used in all numerical simula-
tions of the present study is dependent on the local contact pressure. For
both materials analysed, the friction behaviour between the blank and
the forming tools was experimentally evaluated using ﬂat-die tests (see
Section 2.3). Thus, the advanced friction model proposed by Wouters
et al. [25] is adopted in the present study, where the Coulomb's friction
coeﬃcient is deﬁned by a Hockett-Sherby law:
μ B B A mP= − ( − )exp(− ),n (4)
where A, B, m and n are numerical ﬁtting parameters, while P denotes
the normal contact pressure.
For each material of the blank, the four parameters of the friction
model are identiﬁed using the experimental results from the ﬂat-die
tests [25]. Fig. 8 presents the experimental evolution of the friction
coeﬃcient value with the normal contact pressure. For both sheet steels
(DC06 and DP600), the value of the friction coeﬃcient decreases with
the increase of the contact pressure, achieving a saturation level for
large pressure values (> 10 MPa). This can be explained by the
inﬂuence of the lubricant during the contact. Since the oil is located
in the valleys of the roughness of the contacting surfaces, the lubricated
area between the sheet and the tool increases with increasing contact
pressure. The reduction of the friction coeﬃcient with the contact
pressure rise was conﬁrmed also by the “step” test, where the normal
pressure is kept constant (three diﬀerent levels). This test allows
obtaining the friction coeﬃcient for three diﬀerent values of contact
pressure, using a sliding distance of 50 mm for each pressure value
[25]. The obtained friction coeﬃcient values are identical to the ones
presented in Fig. 8, where the applied contact pressure increases
linearly with the prescribed displacement (see Fig. 5(a)). Globally,
the friction coeﬃcient of the DP600 is lower than the one obtained for
the DC06 (see Fig. 8), which is in agreement with the results presented
by Kersting et al. [39] using the ring compression test.
The identiﬁcation of the parameters involved in the friction model
was carried out by ﬁtting the numerical model to experimental data
from the ﬂat-die tests. The obtained values for the parameters are listed
in Table 3 for each material. The adopted friction model is able to
reproduce closely the frictional behaviour of both materials, as shown
in Fig. 8. The measured friction coeﬃcient is quite high for both
materials, ranging approximately between 0.25 and 0.15.
3.3. Boundary conditions
Typically, the ﬁnite element model takes advantage of the existing
Table 1
Parameters of both isotropic and kinematic hardening law for each material.
Material Y0 [MPa] K [MPa] n CX Xsat [MPa]
DC06 122.2 435.0 0.219 1.45 116.7
DP600 308.3 790.2 0.132 15.8 169.2
Fig. 7. Evolution of the coeﬃcient of anisotropy (r-value) in the plane of the sheet metal
for each material. Comparison between experimental results and Hill’48 yield criterion.
Table 2
Anisotropy parameters of the Hill’48 yield criterion for each material.
Material F G H L M N
DC06 0.251 0.297 0.703 1.500 1.500 1.283
DP600 0.490 0.505 0.495 1.500 1.500 1.273
Fig. 8. Evolution of the friction coeﬃcient with the normal contact pressure. Comparison
between experimental data and the adopted friction model.
Table 3
Parameters of the adopted friction model for each material.
Material A B m n
DC06 0.31 0.16 0.61 0.71
DP600 0.29 0.14 0.59 0.65
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symmetry conditions in order to reduce the computational cost of the
numerical analysis. In the present study, the forming tools present two
symmetry planes, allowing to model only one quarter of the blank,
which also presents material symmetry. Nevertheless, the wrinkles
arising on the top surface of the rail are located close to the symmetry
planes, as shown in Fig. 3. Therefore, this study intends to evaluate the
inﬂuence of the adopted boundary conditions on the wrinkling predic-
tion. Hence, the full geometry of both the blank and forming tools is
modelled, which is compared with the numerical model composed by
1/4 of the blank (considering symmetry conditions).
Since the wrinkling phenomena is a result from instability, the
numerical model that considers the full blank geometry is numerically
perturbed. Accordingly, the proposed ﬁnite element model presents a
small rotation of the blank (1°), relative to the forming tools. Indeed,
both the blank geometry and its rolling direction are rotated equally,
inducing non-symmetrical conditions on the forming process [11].
Furthermore, the blank-holder force is equally divided among the two
ﬂanges of the rail to better approximate the experimental conditions.
Thus, the gap between the die and the blank-holder is not mandatorily
the same in both ﬂanges of the rail, which is adjusted in each increment
in order to guarantee a linear increase of the blank-holder force for each
ﬂange.
3.4. Sheet and tools discretization
The blank is discretized with hexahedral ﬁnite elements associated
with a selective reduced integration technique [40]. The accurate
prediction of the wrinkling phenomenon in the sheet metal forming
simulation requires a ﬁne mesh, able to reproduce sharp curvatures
[16]. Thus, a regular ﬁnite element mesh is adopted in the Oxy plane
(element size of 1.0 mm in the central region), as shown in Fig. 9, using
two layers of ﬁnite elements through the thickness. The turning angle
for each ﬁnite element in contact with the die radius (5 mm) is about
5.7°, which is the maximum value recommended by Li et al. [41] for an
accurate springback prediction. The modelling of the full blank
comprises 130,000 ﬁnite elements, while 1/4 of the blank requires
only 32,500 ﬁnite elements (see Fig. 9).
In the present study, the geometry of the forming tools (rigid) is
modelled by Nagata patches [42], allowing an accurate description of
the geometry using a small amount of patches [43]. The nodal normal
vectors required for the contact surface smoothing approach are
evaluated through the IGES ﬁle [44]. The discretization of the three
tools involved in the numerical simulation is presented in Fig. 10. The
surface of the punch is described by 660 patches, the blank-holder
comprises 300 patches and the surface of the die is discretized with 805
patches. Since the number of patches deﬁning the tools is insigniﬁcant
in the total computational time, the model presented in Fig. 10 is used
in both ﬁnite element models (1/4 and full blank).
4. Results and discussion
The comparison between numerical and experimental results is
presented in this section, namely the punch force evolution and the
ﬁnal geometry of the rail. Regarding the later, the springback of the
ﬂange and the wrinkles on the top of the rail are the forming defects
evaluated in the present study. Besides, the two ﬁnite element models
are compared both in terms of accuracy and computational cost.
4.1. Forming forces
The comparison between numerical and experimental punch force
evolution is presented in Fig. 11, for each material used in this study
(DC06 and DP600). The blank-holder force is imposed in the numerical
model according to the deﬁned experimental evolution, i.e. linear
increase with the punch displacement. Considering the same material
for the blank, both ﬁnite element models (1/4 and full blank) provide
identical predictions for the punch force evolution. Nevertheless, the
experimental value of the force is slightly overestimated by the
numerical model, as shown in Fig. 11. Regarding the mild steel
DC06, the initial slope of the numerical punch force evolution is higher
than the experimental one, as shown in Fig. 11 (a). Consequently, the
instant for which the wrinkle arises (drop in the punch force) occurs
earlier. For both materials, the occurrence of wrinkling development on
the top surface of the rail induces a drop in the punch force, which is
more evident in the numerical simulation (see Fig. 11). Besides, the
decrease of the force for the mild steel DC06, which occurs at
approximately 20 mm of punch displacement, extends for a wider
range of the punch displacement when considering the full blank
geometry.
Although the selected steels present a quite diﬀerent mechanical
behaviour (see Fig. 6), the punch force is only slightly higher in the high
strength steel, as shown in Fig. 11. However, the friction coeﬃcient
between the dual phase steel DP600 and the forming tools is globally
Fig. 9. Discretization of the blank (1/4) using 32,500 hexahedral ﬁnite elements (2 layers
through the thickness).
Fig. 10. Discretization of the forming tools using Nagata patches.
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lower than the one obtained for the DC06, as highlighted in Fig. 8.
Besides, the local friction coeﬃcient depends on the normal contact
pressure through the relationship expressed by Eq. (4). The distribution
of the contact pressure in both sides of the ﬂange, at the end of the
forming stage, is presented in Fig. 12 for both sheet steels. This ﬁgure
presents only the ﬂange area to highlight that the pressure imposed by
the blank-holder is non-uniform. The maximum value of the contact
pressure is substantially higher in the dual phase steel DP600, because
its yield stress is considerably higher than the one of the mild steel
DC06. Nevertheless, since the total applied blank-holder force is
identical for both materials (Fig. 11), the ﬂange area with eﬀective
contact pressure is smaller, as shown in Fig. 12. According to the
relationship shown in Fig. 8, the distribution of the friction coeﬃcient
in both sides of the ﬂange, at the end of the forming stage, is presented
in Fig. 13 for both sheet steels. Most of the ﬂange presents the higher
value of friction coeﬃcient since the contact pressure is very low or
zero. On the other hand, the lower values of friction coeﬃcient are
located in the zones with high contact pressure.
4.2. Section proﬁles
The predicted geometry of the rail, after springback, considering the
blank material DC06 and DP600 is presented in Fig. 14 and Fig. 15,
respectively. For both materials in this study, the ﬁnite element
simulation of the entire blank provides an unsymmetrical wrinkle
geometry. In fact, this is in accordance with the experimental observa-
tion, as shown by the comparison between Fig. 14 (b) and Fig. 3(a) for
the mild steel and by comparing Fig. 15 (b) with Fig. 3(b) for the dual
phase steel. The uncertainties in the variables involved in the experi-
mental tests cannot be avoided because it is their natural characteristic.
Thus, the numerical models with full controlled process and determi-
nistic results cannot reproduce accurately the experimental results,
which are always prone to imperfections [45]. Since the wrinkling
phenomenon arise from an instability (compressive stress), the slight
rotation of the blank allows to improve the numerical prediction of the
wrinkles geometry.
The ﬁnal geometry for each rail component is evaluated using the
four section proﬁles previously deﬁned in Fig. 4(b), which allows the
simultaneous evaluation of the springback and the wrinkle shape at the
top surface. The comparison between experimental and numerical
section proﬁle A (x=15 mm) is presented in Fig. 16, for each material
(DC06 and DP600). Regarding the numerical simulation, both ﬁnite
element models (1/4 and full blank) provide identical results. Since the
yield stress of the dual phase steel DP600 is considerably higher than
the one of the mild steel DC06 (see Fig. 6), the springback is larger for
the dual phase steel rail. Considering the mild steel DC06, the
numerical section proﬁle is in good agreement with the experimental
one, as shown in Fig. 16 (a).
In this study, the springback of the rail is evaluated at the section
proﬁle A using the “NXT Defect Evaluator”1 software package. The
comparison between experimental and numerical (full model) distribu-
tion of the turning angle, after springback, is presented in Fig. 17 for
each material (DC06 and DP600). The turning angle is calculated by
measuring the angle between two consecutive nodes of the section
proﬁle and its horizontal alignment, i.e. the local rotation of the blank
sheet [46]. The springback can be deﬁned as the diﬀerence between the
turning angle of the predicted geometry after unloading and the turning
angle of the CAD geometry. Globally, the springback is signiﬁcantly
larger for the high strength steel rail (DP600), highlighting the
inﬂuence of material yield stress on its magnitude [47]. For both
materials (DC06 and DP600), the ﬂange springback angle (section
length higher than 90 mm) is slightly overestimated by the numerical
model, as shown in Fig. 17. Nevertheless, this angle is strongly
associated with the turning angle of the vertical wall (section length
ranging between 35 mm and 80 mm). In fact, the ﬂange springback
angle can be understood as the integration of the turning angles along
the aforesaid section [48]. Therefore, the value of the ﬂange angle is
only slightly overestimated by the numerical model because the turning
angle of the vertical wall is underestimated, particularly for the dual
phase DP600 (see Fig. 17). This diﬀerence can be related with the better
prediction of the Bauschinger eﬀect for the DC06 (see Fig. 6). On the
other hand, the adoption of a constant value for the elastic modulus in
the material model can aﬀect the springback accuracy. Indeed, Ghaei
[49] shows that the springback prediction of a U-rail (DP600 steel) is
signiﬁcantly improved considering the reduction of elastic modulus as a
function of the eﬀective plastic strain.
The comparison between the experimental and numerical section
proﬁle B (x=95 mm) is presented in Fig. 18, for each material (DC06
and DP600). The wrinkle arising on the top surface of the rail is
highlighted in this proﬁle, presenting distinct geometries according to
the material of the blank. Considering the mild steel DC06, the
numerical proﬁle is in good agreement with the experimental one,
excluding the top surface of the rail, where the two numerical models
predict distinct geometries, as shown in Fig. 18 (a). In fact, the
predicted wrinkle is symmetric using 1/4 of the blank (see Fig. 14
(a)), while the adoption of the full blank geometry leads to an
unsymmetrical wrinkle (see Fig. 14 (b)). Therefore, the full model of
the blank provides a wrinkle geometry in better agreement with the
experimental measurement, as shown in Fig. 18 (a). Regarding the dual
phase steel DP600, the predicted proﬁle of the wrinkle evaluated in this
section is analogous in both ﬁnite element models, which is in good
agreement with the experimental one (see Fig. 18 (b)). Indeed, the
Fig. 11. Comparison between experimental and numerical punch/blank-holder force
evolution in the forming of the rail considering the blank material: (a) DC06; (b) DP600.
1 M&M Research, Inc. http://www.m-research.co.jp/
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Fig. 12. Contact pressure distribution in both sides of the ﬂange after forming: (a) DC06; (b) DP600.
Fig. 13. Friction coeﬃcient distribution in both sides of the ﬂange after forming: (a) DC06; (b) DP600.
Fig. 14. Final geometry of the rail (DC06) predicted after springback: (a) 1/4 of blank; (b) full blank (initially slightly rotated).
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wrinkle proﬁle is almost symmetric in this section. For both sections
analysed (x=15 mm in Fig. 16 and x=95 mm in Fig. 18), the geometry
of the ﬂange is identical, indicating absence of twisting in the rail [50].
The comparison between the experimental and numerical section
proﬁle L1 (y=0 mm) is presented in Fig. 19, for each material (DC06
and DP600). The shape of the wrinkle on the top surface of the rail
presents distinct geometries according to the material of the blank. Due
to the lower strength of the mild steel, the gap located in the top surface
of the punch (see Fig. 10) is more easily reproduced in the geometry of
the rail. Globally, the numerical predictions are in good agreement with
the experimental measurements. Nevertheless, the predicted shape of
the wrinkle is inﬂuenced by the boundary conditions used in the
numerical model, mainly for the mild steel DC06 (Fig. 19 (a)). Indeed,
considering the full blank geometry, the numerical results are in better
agreement with the experimental ones, as shown in Fig. 19.
The comparison between the experimental and numerical section
proﬁle L2 (y=−30 mm) is presented in Fig. 20, for each material. The
numerical predictions are in good agreement with the experimental
measurements, mainly considering the full blank geometry in the
numerical model applied to the mild steel DC06 (see Fig. 20 (a)). For
both materials, the numerical results of the section proﬁles L1 and L2
are approximately symmetrical to the plane x=125 mm, as shown in
Fig. 19 and Fig. 20. However, the shape of the wrinkle arising for the
dual phase steel is anti-symmetric (see Fig. 3(b) for experimental and
Fig. 15. Final geometry of the rail (DP600) predicted after springback, including a detailed view of the wrinkling area: (a) 1/4 of blank; (b) full blank (initially slightly rotated).
Fig. 16. Comparison between experimental and numerical section proﬁle A (x=15 mm)
considering the blank material: (a) DC06; (b) DP600.
Fig. 17. Comparison between experimental and numerical distribution of the turning
angle along the section proﬁle A (x=15 mm) for DC06 and DP600 steels. The symmetry
plane deﬁnes the zero coordinate for the section length.
Fig. 18. Comparison between experimental and numerical section proﬁle B (x=95 mm)
considering the blank material: (a) DC06; (b) DP600.
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Fig. 15 (b) for numerical). This behaviour can be observed by
comparing Fig. 19 (b) and Fig. 20 (b).
4.3. Computational performance
The computational performance for both ﬁnite element models is
presented in Table 4. Despite the substantial improvement in the
accuracy of the wrinkling prediction, the adoption of the full blank
geometry leads to a signiﬁcant increase on the computational cost. In
fact, the computational time for the full blank numerical simulations is
at least 10 times higher than for the 1/4 of the blank models. This is a
consequence of the higher number of ﬁnite elements required for the
blank discretization (4 times more). The same behaviour is observed for
the number of increments, which increases about 2 times, due to the
numerical algorithm for controlling the blank-holder force indepen-
dently in each ﬂange [27]. Regarding the number of iterations per
increment, the average value is slightly lower in the full blank model,
because the number of increments is considerably higher, as shown in
Table 4.
Despite the eﬀect of the ﬁnite element model adopted, the
computational cost of the numerical simulations is signiﬁcantly inﬂu-
enced by the material deﬁned for the blank, as shown in Table 4. In fact,
the computational time is approximately 3 times higher considering the
mild steel DC06 in comparison with the dual phase steel DP600. This
diﬀerence in the computational performance arises from the large
diﬀerence in the mechanical strength of these two materials, producing
a distinct behaviour in terms of wrinkling (compare Fig. 14 and Fig. 15)
and springback (see Fig. 17). Since the applied blank-holder force is
identical for both materials (Fig. 11), the number of nodes in contact
with the blank-holder/die is higher when considering the mild steel
DC06 (see Fig. 12). Thus, the algorithm used to control the blank-holder
force [27] requires more iterations in each increment to achieve the
target force.
5. Conclusions
This study presents the experimental and numerical analysis of a rail
component, which is prone to 2D springback and wrinkling defects.
Two diﬀerent materials are used for the blank, namely the mild steel
DC06 and the dual phase steel DP600, which exhibit distinct values of
both yield strength and tensile strength. The frictional (lubricated)
behaviour between the blank and the forming tools is experimentally
evaluated through the ﬂat-die test, allowing the deﬁnition of the
friction coeﬃcient evolution in function of the normal contact pressure.
Accordingly, an advanced friction model is adopted in the ﬁnite
element model, where the forming tools are assumed rigid and the
sheet exhibits an elastoplastic behaviour (isotropic elastic and aniso-
tropic plastic with kinematic hardening).
In order to assess the inﬂuence of the applied boundary conditions
on the wrinkling prediction, two diﬀerent ﬁnite element models are
presented and compared in this work. The ﬁrst one takes into account
the symmetry conditions of the forming process, allowing to simulate
only 1/4 of the blank geometry. On the other hand, the second model
considers the full blank geometry, which has a minor slight rotation to
the standard position. The magnitude of the springback is signiﬁcantly
inﬂuenced by the strength of the blank material. Indeed, the ﬂange
springback angle is about 3 times higher in the dual phase steel than in
the mild steel. For both materials, the numerical results are in good
agreement with the experimental measurements. Regarding the punch
force evolution, it is slightly overestimated by the numerical simula-
tion, particularly in the mild steel. Due to the large diﬀerence in the
mechanical strength of the selected materials, the shape of the wrinkle
on the top surface of the rail is dependent on material. Although both
ﬁnite element models provide identical results for the springback and
forming forces, the shape of the wrinkle depends on the adopted
numerical model. In fact, the numerical results are in better agreement
with the experimental ones when the full blank geometry is considered
(wrinkle tend to be unsymmetrical). Nevertheless, the computational
cost of the numerical simulation considering the full blank is at least 10
times higher than using 1/4 of the blank.
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